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Abstract

Recently there has been considerable concern related to the presence of bacteria, in particular
Enterobacter sakazakii, in powdered infant formula milk. This paper considers the bacteria in
these products at point of sale, with reference to current microbiological testing and the need
for good hygienic practice in their subsequent preparation before feeding. The ingestion of
raised numbers of E. sakazakii resulting from temperature abuse after reconstitution is high-
lighted as well as the uncertain routes of E. sakazakii product contamination.
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The microbial flora of powdered
infant formula milk

The newborn infant has a sterile gastrointestinal
tract that is quickly colonized through oral ingestion
(Mackie et al. 1999). Where appropriate, powdered
infant formula milk (PIF) is offered in place of
breast milk and therefore influences the develop-
ment of the gut flora. PIF is not a sterile product and
various microbiological tests are applied to samples
from each production batch which are compared
with microbiological criteria. These values are set by

Correspondence: S.J. Forsythe, Division of Applied Microbiol-
ogy and Environmental Biology, School of Biomedical and Nat-
ural Sciences, The Nottingham Trent University, Clifton Lane,
Nottingham NG118NS, UK. Tel.: +44 1158483529; fax:
+44 1158486636; e-mail: Stephen.forsythe@ntu.ac.uk

the Codex Alimentarius Commission (i.e. CAC
1979), company—company agreements as well as ‘in-
house’ levels regarded as workable based upon prior
experience.

Specific microbes commonly tested for in PIF are
Staphylococcus aureus, Bacillus cereus, Clostridium
perfringens, Enterobacteriaceae (or coliforms) and
Salmonella. In addition, the general microbial flora is
counted and is referred to as the ‘aerobic plate count’
(APC). The APC determines the general microbial
load as a measure of quality and does not reflect the
presence of pathogenic organisms. In contrast, S.
aureus, B. cereus, C. perfringens and Salmonella sero-
vars are specified pathogens and their presence in PIF
could be serious for the infant. A number of S. aureus
strains are capable of producing enterotoxins which
are resistant to most cooking time-temperature
regimes. The toxin is only produced in sufficient quan-
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tities when the bacterial number exceeds 10° cells per
gram. Therefore, it is reasonable for a certain level of
S. aureus to be tolerable. B. cereus can also produce
toxins and survives mild heat treatment such as boil-
ing because of spore formation. Again as this organ-
ism is in the environment (in particular soil and plant
material), there is a regular exposure to the organism
and hence a certain level is deemed tolerable in many
foods. The Enterobacteriaceae direct count (or the
slightly more specific test ‘coliform’ test) direct count
is used to measure the number of enteric-like organ-
isms that are present in the sample. These organisms
commonly inhabit the large intestines of animals and
humans as well as soil and are not necessarily harm-
ful. Therefore, their presence is used only as an indi-
cation of the presence of serious intestinal pathogens.
In simple terms, the Enterobacteriaceae direct count
test determines whether heat-treatment has been
adequate, or if post-treatment contamination has
occurred. However, this group of microbes has been
hard to specifically define over the years, and the test
does not allow for the recovery of bacterial cells
which may be injured during processing (i.e. dehydra-
tion) and need resuscitation before they can grow on
selective agars. The current ‘Enterobacteriaceae’
direct count test therefore does not guarantee the
absence of enteric pathogens. Hence currently there
is an additional specific requirement for PIF to be
tested for Salmonella, which are members of the
Enterobactericacae family. Salmonella has been
extensively studied over the years and numerous test
methods have been developed. It is possible for
industry to manufacture foods without this organism
and so a ‘zero tolerance’ has been applied worldwide.
Although Enterobacter sakazakii is a member of
the Enterobacteriaceae, the ‘Enterobacteriacae’ and
‘coliform’ direct count test does not always detect the
organism in PIF samples (Iversen & Forsythe 2004).
This probably results from the low cell number and
injury to the organism during desiccation. Therefore,
specific test methods are being developed (cf. Fig. 1)
and microbiological criteria for PIF revised by inter-
national authorities, which are expected to be pub-
lished in 2005.

Muytjens et al. (1988) and Iversen & Forsythe
(2004) reported the isolation of the Enterobacteri-
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Fig. |. Presence—absence test method for Enterobacter sakazakii
(Iversen et al. 2004a). BPW, buffered peptone water; EE, enterobac-
teriaceae enrichment broth; DFl agar, Druggan-Forsythe-Iversen
chromogenic agar.

aceae from PIF samples after pre-enrichment (resus-
citation) procedures. The Enterobacteriacae isolated
included Enterobacter agglomerans (now called
Pantoea and Escherichia vulneris), E. cloacae, E.
sakazakii, Citrobacter koseri (formerly C. diversus),
C. freundii and Klebsiella oxytoca. Iversen & Forsythe
(2004) also reported the absence of Salmonella.

The 2004 Food and Agriculture Organization of the
United Nations and World Health Organization
(FAO-WHO) meeting in Geneva to consider ‘E.
sakazakii and other microorganisms in powdered
infant formula’ reviewed the published refereed liter-
ature concerning bacterial infections attributed to
PIF (FAO-WHO 2004). It also reviewed what is
known about possible infectious organisms and cate-
gorized them into three groups:

Category A, Clear evidence of causality; Salmonella
and E. sakazakii.

Category B, Causality plausible, but not yet demon-
strated; E. vulneris, C. koseri, E. cloacae, Hafnia alvei,
Pantoea agglomerans, Klebsiella pneumoniae, K.
oxytoca.

Category C, Causality less plausible or not yet dem-
onstrated; Clostridium botulinum, S. aureus, Listeria
monocytogenes and B. cereus.

Therefore, currently only Salmonella and E. sakaza-
kii are attributed to causing neonatal infection
through contaminated PIF.
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Enterobacter sakazakii

Enterobacter sakazakii is a motile, nonsporeforming,
Gram-negative facultative anaerobe. It was known as
‘yellow pigmented Enterobacter cloacae’ until 1980
when it was designated by Farmer efal. as a new
species and named in honour of the Japanese bacte-
riologist Riichi Sakazaki.

Enterobacter sakazakii is an occasional contami-
nant of PIF that can cause a rare, but life-threatening
form of neonatal meningitis, bacteraemia, necrotizing
enterocolitis (NEC) and necrotizing meningoenceph-
alitis after ingestion (Muytjens et al. 1983; Iversen &
Forsythe 2003). The organism was first associated
with neonatal deaths in 1958 by Urmenyi & Franklin
(1961). Recently, the International Commission on
Microbiological Specification for Foods (2002)
ranked the organism as ‘Severe hazard for restricted
populations, life threatening or substantial chronic
sequelae of long duration’. Subsequently it has the
same ranking as more familiar food and waterborne
pathogens such as L. monocytogenes, C. botulinum
types A and B and Cryptosporidium parvum.

A risk profile of E. sakazakii has already been pub-
lished by Iversen & Forsythe (2003) and a detailed
risk analysis by the FAO-WHO (2004). A review of
reported cases and sources of E. sakazakii can be
found in the author’s previous risk profile and so will
not be reproduced in detail here. Nevertheless, it is
pertinent to state that although the neonatal menin-
gitis cases resulting from E. sakazakii are rare, the
number of attributable NEC cases are less certain.
NEC is the most common important gastrointestinal
illness in the premature newborn and can be caused
by a variety of bacterial pathogens. The pathogenesis
is associated with neonatal intestinal ischaemia,
microbial colonization of the gut and excess protein
substrate in the intestinal lumen. The latter is associ-
ated with oral formula feeding. It has an incidence of
2-5% in premature infants and 13% in those weigh-
ing less than 1.5 kg at birth. Lucas & Cole (1990)
reported that NEC is 10 times as common in babies
fed with formula milk compared with those fed with
breast milk. Both meningitis and NEC caused by E.
sakazakii have high mortality rate of 40-80% and 10—
55%, respectively. In a study of 125 neonates with

NEC, Enterobacter spp. were the most common
organisms, being isolated from 29% of patients (Chan
et al. 1994). Van Acker et al. (2001) described 12 cases
of NEC in neonates that occurred in 1998. In the
outbreak, a total of 11 E. sakazakii strains were iso-
lated from a cohort of 50 neonates from stomach
aspirate anal swabs and blood samples.

The first reported cases of meningitis caused by
‘yellow-pigmented E. cloacae’ occurred in the UK
(Urmenyi & Franklin 1961). Since then cases have
been reported worldwide including countries such as
Denmark, Iceland, the Netherlands, Greece, Canada
and the USA. Most reports are from hospital nurser-
ies and neonatal intensive care units. It is probable
that premature infants and those with underlying
medical conditions are at highest risk for developing
an E. sakazakii infection. However, it has been
reported that a healthy, full-term, newborn infant in
Iceland became ill prior to hospital discharge and
suffered permanent neurological sequelae as a result
of an E. sakazakii infection (Health Canada Food
Program 2002). The low incidence is predictable as
healthy neonates not requiring intensive care will be
less susceptible to E. sakazakii infection. Muytjens
etal. (1983) re-evaluated Enterobacter strains from
blood and cerebral spinal fluid (CSF) and uncovered
several cases of meningitis and bacteraemia caused
by E. sakazakii infection. This suggests that the
organism had been under-reported. In addition to the
reported 40-80% case-fatality rate for E. sakazakii
meningitis, it should be recognized that in survivors,
severe neurological sequelae such as hydrocephalus,
quadriplegia and retarded neural development often

occur.

Enterobacter sakazakii infection of
the neonate

Figure 2 shows that sources of E. sakazakii in con-
taminated PIF are the powder itself, the equipment
and possibly personnel preparing the feed. To date
there is no evidence of infection of the newborn baby
through vertical transmission from the mother during
birth (Muytjens & Kollée 1990). The first reported
association of E. sakazakii with contaminated PIF
was by Muytjens efal. (1983). In this outbreak
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Fig. 2. Risk factors concerning the ingestion of Enterobacter sakazakii.

a. Source contamination of powdered infant formula milk (PIF).

b. Contamination of PIF by people during reconstitution, that is, faecal carriage rate.

c. Contamination of PIF during reconstitution resulting from unclean equipment, that is, spoon.

d. Contamination of fresh reconstitution PIF resulting from inadequate cleaning of contaminated feeding bottle.

e. Death of E. sakazakii resulting from temperature of water used to reconstitute PIF.

f. Multiplication of E. sakazakii following reconstitution, prior to ingestion, that is, room temperature storage.

g. Survival and possible growth of E. sakazakii in the neonate stomach prior to transit into the small intestines.

E. sakazakii was isolated from prepared milk for-
mula, a dish brush and a stirring spoon.

Enterobacter sakazakii incidence in powdered
infant formula milk

As stated earlier, PIF preparations are not manufac-
tured as sterile products. In fact the paper by Farmer
et al. (1980) defining E. sakazakii species includes a
strain which was originally isolated from dried milk
in 1960. Therefore, E. sakazakii has been present in
dried milk products for many decades. Muytjens et al.
(1988) found 14% of 141 PIF samples contained E.
sakazakii. In total E. sakazakii was cultured from
unused infant formula products from 13 countries.
The level of contamination ranged from 0.36 to
66.0 cfu per 100 g. This is similar to the value of 8 cells
per 100 g estimated by Simmons et al. (1989) for an
open can of powdered milk formula used during the
time of an outbreak on a neonatal intensive care unit.
Nazarowec-White & Farber (1997a) tested 120 cans
of infant formula from five different companies in
Canada and found 6.7% contained E. sakazakii. The
levels of E. sakazakii in positive samples were fre-
quently 0.36 cfu per 100 g.

More recently, Iversen & Forsythe (2004) reported
that 3/102 PIF, 5/49 dried baby foods and 3/72 milk
powders contained E. sakazakii. Our group uses a
specific chromogenic agar to isolate E. sakazakii from
food samples. The medium is called the ‘Druggan-
Forsythe-Iversen’ agar and its formula is given in two
papers (Iversen & Forsythe 2004; Iversen et al.
2004a); alternatively it can be purchased from Oxoid
Ltd (UK, CM1055). In general these reports show
that when the organism is present in PIF the levels
are very low: less than one bacterial cell per gram.
Despite the dry nature of PIF, the organism is able
to survive in the powder for at least 12 months
(Caubilla-Barron et al. 2004).

Personnel

The faecal carriage of the organism has not been
demonstrated and so it is uncertain how often con-
tamination of PIF may occur during preparation.
However, it is well accepted that basic aspects of
personnel hygiene are frequently ignored and poor
hygienic practice has been the probable source of
outbreaks (Clark et al. 1990; Smeets et al. 1998; Block
et al. 2002).
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Environment

Enterobacter sakazakii has been isolated from diverse
environments including soil, rats, flies, beer mugs,
milk powder factories, a chocolate factory and house-
holds (Neelam et al. 1987; Skladal et al. 1993; Kandhai
et al. 2004). Because of the ubiquity of the organism,
cases of E. sakazakii can only be attributed to PIF if
identical strains are isolated from unopened tins of
the same batch.

The organism is found in the hospital environment.
Nazarowec-White & Farber (1999) studying three iso-
lates obtained from one hospital over 11 years
showed that they were indistinguishable. Smeets et al.
(1998) showed that isolates from a contaminated dish
brush used for cleaning bottles in a hospital and the
isolates from three patients were identical making an
epidemiological connection likely. The organism has
also been isolated from a doctor’s stethoscope
(Farmer efal. 1980) and from nursery food pre-
paration equipment such as spoons and a blender
(Simmons et al. 1989; Noriega et al. 1990; Bar-Oz et al.
2001).

Enterobacter sakazakii forms biofilms on plastic
surfaces (Iversen et al. 2004b). Levels on silicon and
latex from infant feeding bottles were of the order
10* bacteria cm™ (see Fig.3). Therefore, inefficient
cleaning of the feeding bottle and utensils could
result in the accumulation of the organism and act as
a source of infection. Kleiman etal. (1981) and
Adamson & Rogers (1981) reported separate cases
of previously healthy 5-week-old infants admitted
to hospital with meningitis caused by E. sakazakii,
showing that the infection can also be acquired in the
home environment.

Enterobacter sakazakii growth in
reconstituted powdered infant
formula milk

Reconstituted PIF is nutritious and can support bac-
terial growth when given favourable conditions of
water availability, time and temperature. Therefore,
once rehydrated the only remaining barriers to
increased bacterial growth and risk of infection, are
time and temperature.

Measuring the rate of bacterial growth at different
temperatures gives graphs similar to that in Fig. 4.
There are three cardinal temperatures with respect to
bacterial growth: the minimum, optimum and maxi-
mum. For E. sakazakii these are 6, 39 and 46°C,
respectively (Iversen et al. 2004b). As an increase in
microbial numbers equates to an increased risk of
infection, it is important to recognize the tempera-
ture range over which E. sakazakii (and other bacte-
rial pathogens) can multiply. It takes approximately
14 h for E. sakazakii to double at 10°C, which is
slightly above normal refrigeration, whereas at room
temperature this only takes 45 min. Clearly room
temperature supports rapid bacterial growth.

Fig. 3. Enterobacter sakazakii biofilm on latex during growth in infant
formula milk (reproduced from Iversen et al. 2004b).
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Fig. 4. Growth range of Enterobacter sakazakii.
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According to FAO-WHO (2004), after 6 h at 25°C
the relative risk of ingesting E. sakazakii will increase
by 30-fold and after 10 h at 25°C the relative risk will
increase by 30 000-fold. Therefore, risk reduction can
be achieved by ensuring that reconstituted PIF not
for immediate use is rapidly cooled to below 10°C
and that the time between reconstitution and con-
sumption is minimized.

Figure 3 also shows the recommended temperature
range for reconstituting PIF. These temperatures are
above the growth range, but are not high enough
(i.e.>70°C) to rapidly kill the intrinsic bacteria.
Although one early paper suggested E. sakazakii was
very thermotolerant (Nazarowec-White & Farber
1997b), subsequent work showed that the organism
is less thermotolerant than L. monocytogenes
(Nazarowec-White & Faber 1999; Iversen et al.
2004b), and Edelson-Mammel & Buchanan (2004)
have shown that the sensitivity to raised temperature
does vary between E. sakazakii strains. Further work
is required to clarify the situation.

Factors affecting the probability of infection (which
is different from probability of ingestion) relate to the
pathogen, the food and the host. The pathogen may
be adapted to survive heat-treatment and the acidity
of the neonatal stomach. The food may have a high
buffering capacity and hence protect the bacterium’s
transit through the stomach, and the host’s immune
status will affect the likelihood of infection. The infec-
tivity therefore can vary according to the organism’s
history (i.e. prior adaptation to heat and acidity), the
host state (healthy or immunocompromised) and
food matrix. In the case of PIF and neonates, the
organism will have been stressed during spray drying
and storage, the host is immunocompromised and
being a liquid the initial portion of the feed may pass
quickly through the stomach (mild acidic conditions)
into the small intestines.

Conclusion

The newborn infant is so susceptible to infections that
PIF requires a high level of microbiological quality
control during production, distribution and usage. It
is important to ensure that PIF is prepared using good
hygienic procedures, along with rapid cooling, and

minimization of the time between preparation and
consumption to reduce the risk of E. sakazakii infec-
tion. Despite the publicized outbreaks and product
recalls, infant deaths caused by E. sakazakii infection
is fortunately rarely reported.
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